The CMOS Radiation Effects Measurement (CREM) experiment is presently being flown on the Explorer-55. The purpose of the experiment is to evaluate device performance in the actual space radiation environment and to correlate the respective measurements to on-the-ground laboratory irradiation results. The experiment contains an assembly of C-MOS and P-MOS devices shielded in front over 2ir steradian by flat slabs of aluminum of 40, 80, 150, and 300 mils (1. 02, 2. 04, 3. 81, and 7. 62 mm) thicknesses, and by a practically infinite shield in the back. This paper presents initial results obtainedfrom the CREM experiment. Predictions of radiation damage to C-MOS devices are based on standard environment models and computational techniques. A comparison of the shifts in CMOS threshold potentials, that is, those measured in space to those obtained from the on-the-ground simulation experiment with Co-60, indicates that the measured space damage is smaller than predicted by about a factor of 2-3 for thin shields (t < 100 mils), but agrees well with predictions for thicker shields. It is not clear at this time how the trapped particle environment models or the computational methods should be modified in order to achieve better agreement between experimental results and predicted damage curves. A subsequent paper will present some considerations along these lines as well as an evaluation of performance of C-MOS devices located in a typical electronic subsystem box within the spacecraft.
Introduction
There are many advantages of Complementary MetalOxide-Semiconductor (C-MOS) integrated circuits (ICs) over bipolar ICs in the design of large scale integrated logic and memory circuitry for spacecraft. Among these are extreme compactness and low power consumption. Such circuits are being orbited to an ever increasing extent. C-MOS ICs, however, are found to be more sensitive to space radiation than their bipolar counterparts. The mechanism responsible for the radiation damage in C-MOS devices is that of ionization and charge accumulation in the gate oxide and at the semiconductor-insulator interface. These effects begin to appear abouttwo orders of magnitude lower than the effects of semiconductor suface damage in bipolars. In addition, since charge accumulation in the gate oxide is cumulative, the radiation damage in C-MOS ICs has become of great concern as space missions become longer and longer.
The successful application of unhardened C-MOS devices in spacecraft which traverse the Earth's radiation belts may hence require shielding. Shielding, however, is very heavy, and therefore it is most desirable to minimize any excessive weight penalty. It has consequently become important for spacecraft designers to be able to predict accurately the anticipated radiation damage to C-MOS devices and to estimate closely the shielding requirements. Such predictions presuppose that the following three elements are known: (1) the energies of the particles encountered by the spacecraft, (2) the shielding effectiveness of given materials for particles of various energies, and (3) the response of C-MOS devices to the radiation which is found inside the shield.
In regards to element (1) and considering the best radiation environment models available today, the electron intensities are only known to within a factor of 3 and the proton intensities to within a factor of 2. As to elements (2) and (3), the radiation damage in C-MOS as a function of dose in rads can of course be measured in the laboratory by using such radiation sources as Co-60 or monoenergetic electron accelerators. But this procedure only approximates the effects of charged particle fluxes with distinct spectral distributions. However, the error introduced into the results by this approximation is smaller than the uncertainty in the environment models. Besides, a reproduction of the actual space radiation spectra in the laboratory, even if the environment were known to a much better accuracy, would be excessively complicated and expensive. In addition, there is a long-term annealing process (self healing) of radiation damage active in C-MOS devices which may be different in the space environment than on the ground.
To provide some of the data needed for more reliable predictions, the C-MOS Radiation Effects Measurements (CREM) experiment is presently being flown on the Explorer-55 (formerly designated AE-E) while simultaneously the necessary complementary measurements are being carried out on the ground. In this paper we present some significant and interesting preliminary results. As more data become available, a more detailed analysis and thorough evaluation will be performed and their findings presented in a subsequent report.
Experimental Approach and Method
The main objective of the CREM experiment is to measure the effect of space radiation on CMOS ICs and to verify the accuracy with which one can predict damage to semiconductor devices on board spacecraft by comparing the results with current environment model predictions and with the corresponding on the ground calibrations.
The specific devices used are n-and p-channel MOS transistors. The device-parameter of primary interest is the threshold potential shift, AVGT. Figure 1 outlines in a block diagram the major elements of the CREM experiment. The left hand branch depicts the process used to predict the expected shift in the device parameter AVGT , employed in the past with varying degrees of sophistication. For the CREM experiment, this process was implemented with special care in order to produce predictions as accurate as the state of the art would allow. The approach followed and the uncertainties involved are discussed in another section. (4 defined and 1 estimated), (2) the laboratory simulation experiment with a Co-60 source, (3) prediction of the space radiation using the actual orbital parameters, (4) The on-board CREM experiment consists of: (a) the device assembly, mounted flush with the solar array in the surface of the spacecraft and containing four device groups; (b) an additional fifth device group located within a typical electronics box inside the spacecraft; and (c) an on-board data acquisition system, also located inside the spacecraft.
Each device group contains 26 instrumented transistors: 6 AMI p-channels (one AMI 585A device), 10 RCA p-channels and 10 RCA n-channels (4 RCA CD 4007 devices). A total of 5 x 26 = 130 instrumented transistors are in the CREM experiment on the spacecraft. The locations of the devices in the CREM device box are shown in Figure 2 .
Shielding of Devices
The devices in the box are mounted on a printed circuit board with copper heat sink slabs bonded to the back of the board. This printed circuit board is assembled into the device box as follows: The board forms the front of a rectangular prism, the other 5 sides of which are made of 250 mil (6.4mm) aluminum bonded to 250 mil (6.4mm) thick tungsten.
This gives a 2wr steradian back shield of equivalent thickness greater than 1. 8 inch (4.6cm) of aluminum. A front cover is mounted over the printed circuit board. This cover provides aluminum shields of thicknesses 40mil (1.0mm), 80mil (2. 0 mm), 150mil (3.8 mm), and 300mil (7.6mm) designed in such a way that behind each shield thickness there is one group of four RCA CD 4007 devices and 1 AMI p-channel device.
When calculating shield thicknesses, however, the device package lids of 9 mil (0.2 mm) equivalent aluminum was added to each nominal slab thickness in the CREM box for the RCA devices; the AMI device package requires a value of 28 mil (0.7 mm) of Al. The entire device box was then mounted with the printed circuit board in the plane of the surface of the spacecraft. The device box in combination with the body of the spacecraft forms a 2w steradian back shield, which in regards to electrons and low energy protons is for practical purposes infinitely thick compared to the front shields. However, high energy primary protons (E . 150 MeV) will penetrate the back shield and contribute directly or indirectly (tertiary particles through secondary neutrons) to the damage of the devices. The front of the box has an unobstructed 2wr steradian view of the space environment.
Device Biasing
The electronics box on the spacecraft is designed to continuously apply a selected gate-to-substrate bias to each device except during the brief interval (1/2 second) during which that particular device is being measured. Of the 6 AMI transistors in each device group, 3 are at V G =°V and 3 are at VG = -10 V, constantly. Of the 10 RCA p-channel transistors in each device group, 2 are at VG =°V, 2 are at VG = -10 VI constantly, 4 are at VG which is zero volts for half the orbit and -10 V the other half of the orbit, and 2 are connected in a selfbiasing arrangement. (The duty cycled and self-biasing transistors will not be further discussed in this paper.) The 10 RCA n-channel transistors in each device group are biased like the 10 p-channel transistors except that VG = +10 V replaces VG = -10 V. Figure 3 shows the bias circuit for nchannel transistors.
Device Measurement
When the command to measure the devices is executed (from the ground or from an on-board programmer), the CREM electronics box automatically sequences through acomplete measurement cycle of the 130 transistors. In each transistor, the 8 gate-to-substrate biases (VG's) required to produce 8 measurements are made by forcing the selected test current through the transistor and using an operational amplifier feedback circuit to adjust VG to the value which maintains VD= 10 V. Figure 4 shows the circuits for n-channel transistors.
In this discussion, only the essential elements of the measurement process have been covered; other elements (e. g., stability) which increase the complexity of the actual circuit, will not be considered here. The details of the measurement technique will be covered in a separate paper (to be published).
Measurement Accuracy
Considerable attention has been given to controlling and minimizing possible errors inherent in the measurements. Each device package is thermally bonded to a heat sink, thus keeping all the devices within 1. 40 C of each other. Four thermistors are used to measure and telemeter the temperature of various parts of the heat sink in order to verify its proper function. Electrical switching, associated with the biasing and measurement function, is accomplished by using reed relays which, for practical purposes, act as ideal switches: zero resistance when closed and zero leakage when open. The measured gate voltage is sent directly to the telemetry system. The combined single-sample random errors and the quantization errors associated with the telemetry system are less than ±30 mV. Several sources can contribute to errors in the values of the test currents, as for example, leakages in the back-biased parasitic diodes which exist on the sample IC chips. These would subtract from actual sample device current. However, both the thermally and radiation induced leakage are orders of magnitude smaller than the smallest test current used. The operational amplifier input current subtracts from the test current; however, the CREM instrument is calibrated prior to use and only the changes in this current introduce errors. Likewise, changes in operational amplifier offset voltage, and changes in precision current source reference voltage will introduce errors. An in-flight calibration scheme is employed to measure changes in each of these variables. The actual value of each test current is within ±16% of the nominal value (the 10,uA test current is within ±1% of its nominal value), but the actual value of each current is known and constant within ±1%.
Space Radiation Environment for Explorer-55
Starting from the launch date (November 19, 1975) Figures 5 and 6 , respectively, for several energy levels. The data represent averaged, surface incident, omnidirectional, integral intensities. The periodic pattern in the contours is believed to be produced by the precession of the decaying eccentric orbit through the asymmetric (anomalous) geomagnetic geometry configuration. The trapped particle fluxes, predicted by the standard environment models for the Explorer-55 trajectory, do not seem to decline significantly for the first 150 days of the mission, although apogee altitude dropped from about 3000 km to about 1835km. This is true for both species of particles, for all but the lowest energies plotted. After day 150, a more rapid decrease in the total daily intensities is indicated. 
Dose and Shielding Calculations
In a previous paper10, the techniques for computing dosedepth curves for any assumed radiation environment were described. These techniques are applied to the radiation environments after 139 days in orbit, by using three different approximation methods: (1) one dimensional slab geometry, (2) three dimensional spherical geometry1l, and (3) Monte Carlo technique'2 13, 14 Figure 7 shows the total dose-depth curve after 139 days in orbit with all the contributing components, including bremsstrahlung, for the one dimensional slab geometry. Clearly, both electron and proton contributions towards the total dose for 40 mils (1. 0 mm) and 80 mils (2. 0 mm) shields are equally significant, whereas only protons contribute to the total dose for the 150 mils (3. 8mm) and 300mils (7. 6mm) shields.
The relative importance of the individual components should not vary appreciably with computation method. Since the range of temperature variation experienced by the CREM assembly in space is rather narrow (15°-30°C) and lies in the vicinity of room temperature, it is safe to assume, on the basis of earlier work , that the degree of long term annealing, if any, will be similar in the present experiment, and that it can therefore be eliminated as an unknown quantity.
In order to calibrate the space radiation environment againstthe Co-60 source, or vice versa, and in order to ascertain the extent of long-term annealing, the on-the-ground CREM experiment was started as soon as enough data had been received from space to establish the trend in the radiation damage there. The sample devices for this experiment were chosen, as previously described, to be as identical as possible to the ones on the CREM unit on board the spacecraft and the data were recorded in an identical way with the breadboard of the CREM instrument.
The on-the-ground simulation experiment involved the irradiation of one group of samples (i. e., a group of devices similar to the ones under each shield thickness on board the Explorer-55) every week with a weekly dose of Co-60 radiation in such a way as to effect the same radiation damage on the laboratory devices as the actual damage initially observed in space. Between weekly irradiations, the test devices were permitted to anneal at room temperature and under the same Some results of the calibration and simulation are shown in Figure 8 for biased RCA n-channels, where the circles relate to data obtained each week from the regularly irradiated devices (simulation). For comparison purposes, average results from a fast-rate radiation response on six n-channels of three independent samples, all irradiated so as to receive the entire corresponding dose within one day, are also given by the crosses. In this figure, gate biases for 10gA currents are plotted against the total accumulated dose in rad-silicon. Space simulation samples were irradiated with a Co-60 dose rate of 0.15 rads/sec. Since there is a slight variation in the initial threshold potentials from device to device, the data were normalized to the same initial threshold potential. As can be seen from the graph, the radiation response for a biased n-channel is linear for both the fast and the simulation rate modes. In the simulation rate curve the lower circles are the threshold potentials immediately after the weekly irradiations and the upper ones are after weekly annealings, so that the true simulation rate response is represented by the line drawn through the upper data circles. The samples of the on-the-ground experiments were subjected to the same radiation dose every week, because in this mission the orbitwas continually changing and precise orbit parameters were not known a priori.
When it was observed that the total accumulated laboratory dose of 1.2 x 104 rad-silicon exceeded the one experienced in space, the irradiations were stopped (see Figure 8 ) and only annealing is measured thereafter. As can be seen, the pure annealing also shows a linear behavior and constitutes about 0. 9mV per day for RCA biased n-channels. This very slow recovery characteristic of these RCA oxides has also been demonstrated elsewhere. 16
Flight Data Results
The data of the flight experiment, as received from the spacecraft, consist of actual gate potential measurements for the 8 specified drain currents of the individual MOS transistors. The data shown in Figure 9 depict the shifts of the 10 gA drain current gate potentials as a function of number of days in orbit. In comparison to the on-the-ground experiments where the radiation response for the biased n-channel is linear, the response in space is not linear. This is because the orbit of the Explorer-55 spacecraft was continually evolving into a less eccentric one with a corresponding decrease in energetic particle intensity encountered. corrections for the small annealing observed in the laboratory. It should be recalled that these data were obtained from the degradation of n-channels biased with 10 volts and that the devices were exposed to worst case gate biasing conditions. Consequently, these larger threshold voltage shifts give a more sensitive measurement of ionization radiation. The unbiased n-channel and p-channel results are not yet usable since the threshold voltage shifts to date are too small.
Analysis and Discussion
It is estimated that the CREM flight data, such as shown in Figure 9 , are correct to within 10%. This uncertainty is due mainly to the temperature variations of the devices during the data read-out and to a lesser extent due to errors in the CREM data acquisition system and the spacecraft's telemetry systems. The former is yet to be analyzed.
In the case of the on-the-ground simulation and calibration data, although the accuracy of the CREM breadboard is within 1%, Co-60 calibration is within 5%, and the variation from sample to sample was found to be also within 5%0. The total error, therefore, is approximately within 10%.
To compare the results of the flight experiment with the predictions from the three computational methods, the values obtained from the latter were plotted directly as a function of dose in rads-Si and converted to the predicted shift in the threshold potential by using the on-the-ground simulation data of Figure 8 .
Comparison of the theoretical infinite-back-shielded slab shifts with the spherical shifts of Figure 10 shows that the slab approximation overestimates the shifts at thin shields, that there is sufficient agreement at the intermediate shields, and that it underestimates the shifts at the thicker shields.
These preliminary results suggest that in the case of the n-channel biased devices, both the theoretical spherical and Monte Carlo methods have good agreement with the experimental flight results for the thick shields (Figure 10 ), t > 150 mils, and poorer for the thin shields, t < 80mils. However, the maximum difference occurring at the thinnest shield of t -50 mils is not greater than a factor of three. Clearly, the uncertainty in the environment models of a factor of two for protons and three for electrons could account for the disagreement. The experimental results, flight and ground data, of the shift in the threshold potentials of RCA biased n-channel devices for the 139 day radiation exposure suggest either that the electron environment is overestimated by the models (the laboratory results of the shift in the threshold potentials are not produced by the space environment) or that the applied computational techniques are inaccurate, or both. The shift in the threshold potentials under the thick shields are due only to the high energy protons, as shown in Figure 7 , and the techniques are more accurate for these particles than for the electrons. However, this experiment cannot eliminate either explanation. 1 
Conclusions
The flight of the CREM experiment on board the Explorer-55 has been highly successful. All systems of the CREM instrument have been working well. From the preliminary results obtained so far the following may be concluded:
1. The experiment has clearly demonstrated that C-MOS damage measurements made with simple radioactive sources in the laboratory, such as Co-60, may validly be used to predict changes in device properties affected by space environments consisting of charged particle fluxes (electrons and protons) distributed over wide energy ranges.
2. It has been verified, that spacecraft system survivability predictions using standard NASA models of the space radiation environment and conventional methods for dosage and shielding computation, are in very close agreement for proton and high energy electron fluences and are within a factor of 2-3 for electrons of lower energies.
3. It has been shown, that the spherical dose calculation method will best approximate, on the conservative side, the real exposure for all shield thicknesses. For thinner shields this computational method yields results which are above those measured by less than a factor of two.
